1. Introduction {#sec1-ijms-19-01945}
===============

In order to enhance the tolerance of plants to biotic or abiotic stresses, transgenic engineering is used to transfer an exogenous gene to plants, and ultimately cultivate a high-yield crop \[[@B1-ijms-19-01945],[@B2-ijms-19-01945],[@B3-ijms-19-01945]\]. In plants, the 35S cauliflower mosaic virus (CaMV) promoter is used to drive an exogenous gene's expression \[[@B4-ijms-19-01945],[@B5-ijms-19-01945]\]. Although the 35S CaMV promoter driving gene expression leads to a high expression level in all organs of plants, it often causes the inhibition of the normal growth of plants \[[@B6-ijms-19-01945],[@B7-ijms-19-01945]\]. For example, overexpression of dehydration-responsive element binding protein 1A (*DREB1A*) under the control of the 35S CaMV promoter results in severe growth retardation under normal growing conditions \[[@B8-ijms-19-01945]\]. In *Arabidopsis thaliana*, 35S:FLOWERING LOCUS T-like 1 (*CoFT1*) transgenic plants present an earlier flowering \[[@B9-ijms-19-01945]\]. Overexpression of *TaMyb1D* (*Triticum aestivum* L.), belonging to the R2R3-MYB (myeloblastosis) subfamily, reduces the accumulation of lignin to inhibit normal growth in tobacco plants \[[@B6-ijms-19-01945]\]. Therefore, the selection of proper promoters is important in transgenic engineering. Some natural promoters have been well studied, for example, the *Rab16A* promoter responds to abscisic acid (ABA), salt, and osmotic stresses \[[@B10-ijms-19-01945],[@B11-ijms-19-01945],[@B12-ijms-19-01945]\]. The *COR15A* promoter induces the expression of *COR15A*, a cold-regulated gene \[[@B13-ijms-19-01945],[@B14-ijms-19-01945]\]. To reduce the possibility of inhibiting the overexpression of exogenous genes in plants, scientists use a combination of natural promoters and effector genes to increase plant tolerance to stress \[[@B15-ijms-19-01945],[@B16-ijms-19-01945]\]. However, natural promoters have been found to contain various *cis*-acting elements, which together regulate gene expression under different stresses \[[@B17-ijms-19-01945],[@B18-ijms-19-01945],[@B19-ijms-19-01945]\]. In order to express genes under stress conditions, it is necessary to synthesize the desired promoter which contains specific *cis*-acting elements.

Synthetic promoters are designed by combining *cis*-regulatory sequences with a minimal 35S promoter to regulate ectopic expression and reduce the complexity of the expression pattern of natural promoters \[[@B20-ijms-19-01945],[@B21-ijms-19-01945],[@B22-ijms-19-01945]\]. Synthetic algal promoters (*saps*) have been generated to increase nuclear gene expression in green algae \[[@B23-ijms-19-01945]\]. Most studies have used the *GUS* gene as a reporter gene to detect the function of synthetic promoters \[[@B24-ijms-19-01945],[@B25-ijms-19-01945],[@B26-ijms-19-01945]\]. For example, five tissue-specific synthetic promoters showed different expression efficiencies in various tissues by GUS assays of the transgenic plants \[[@B27-ijms-19-01945]\]. The cold-inducible and tuber-specific activities of chimeric promoters were investigated by quantitative analysis of GUS activity in transgenic potato \[[@B28-ijms-19-01945]\]. Although synthetic promoters have the characteristics of low basic transcription activity and strong inducing ability \[[@B27-ijms-19-01945],[@B28-ijms-19-01945],[@B29-ijms-19-01945]\], it is fewer to use the combination of a synthetic promoter with an effector gene.

In this study, we selected cytosolic ABA receptor kinase 1 (*CARK1*) and regulatory components of ABA receptor 11 (*RCAR11*) as effector genes, which were reported to play a positive role in drought-responsive pathways \[[@B30-ijms-19-01945],[@B31-ijms-19-01945],[@B32-ijms-19-01945],[@B33-ijms-19-01945],[@B34-ijms-19-01945]\]. CARK1 phosphorylates RCAR11 to promote the ABA response, and overexpression of *CARK1* enhances drought tolerance in *Arabidopsis* \[[@B33-ijms-19-01945]\]. *RCAR11*, as one of the ABA receptors, participates in the regulation of the ABA signaling pathway in the nucleus and cytoplasm \[[@B30-ijms-19-01945],[@B35-ijms-19-01945]\]. Based on the function of the effector genes, the design of synthetic promoters was based on elements of *RD29A* (responsive to desiccation 29 A) and *RD29B* (responsive to desiccation 29 B) promoters. The *RD29A* promoter, containing two dehydration-responsive elements (DREs), induces gene expression under drought stress, high salt, and low temperature \[[@B17-ijms-19-01945],[@B19-ijms-19-01945],[@B36-ijms-19-01945]\]. The *RD29B* promoter, with two abscisic acid-responsive elements (ABREs), is involved in the ABA-dependent pathway \[[@B29-ijms-19-01945],[@B37-ijms-19-01945],[@B38-ijms-19-01945]\]. In this study, three stress-inducible promoters were designed and named Ap (containing four tandem repeats of ABRE), Dp (containing two tandem repeats of DRE), and ANDp (containing two tandem repeats of DRE and four tandem repeats of ABRE), respectively. Transient expression of *eGFP* and the dual-luciferase assay demonstrated that these synthetic promoters were functional in *Arabidopsis* protoplasts. The expression levels of *CARK1, RCAR11*, *RD29A*, and *RD29B* were significantly increased in Ap:*CARK1*, Dp:*CARK1*, ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* transgenic *Arabidopsis* after ABA or [d]{.smallcaps}-mannitol treatment. Cotyledon greening and root length of Ap:*CARK1*, ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* transgenic plants were inhibited by exogenous ABA. A drought tolerance assay showed that ANDp:*CARK1* and Dp:*RCAR11*-Ap:*CARK1* transgenic plants exhibited more tolerance to drought stress. Hence, these results indicate that ANDp:*CARK1* and Dp:*RCAR11*-Ap:*CARK1* combinations can be used to generate drought stress resistance in plants.

2. Results {#sec2-ijms-19-01945}
==========

2.1. Selection of Promoter Fragments {#sec2dot1-ijms-19-01945}
------------------------------------

In this study, the synthetic promoters were designed based on the promoters of *RD29A* and *RD29B*, which contain two DREs and two ABREs, respectively. DRE (A/GCCGAC), as a *cis*-element, regulates osmotic stress-responsive transcription \[[@B39-ijms-19-01945],[@B40-ijms-19-01945]\]. ABRE (ACGTGGC), a major *cis*-acting element, is found in the promoter region of ABA-inducible genes \[[@B29-ijms-19-01945],[@B36-ijms-19-01945]\]. The sequences of *RD29A* and *RD29B* promoters and the *cis*-acting elements were identified from TAIR-Home Page (<http://www.arabidopsis.org/index.jsp>) and PLANT CARE database (<http://bioinformatics.psb.ugent.be/webtools/plantcare/html/>), respectively. Based on the functions of *CARK1* and *RCAR11*, the following four sections were selected: A: a fragment of the *RD29A* promoter (−403\~−145), including two standard DREs; B: two fragments of the *RD29B* promoter (−247\~−170) and (−269\~−190), comprising four standard ABREs; C: a fragment of the *RD29A* promoter (−144\~−114), which links the regulatory elements and minimal 35S promoter; D: the minimal 35S promoter (−72\~+1), including the CAAT frame and the TATA frame. The three designed synthetic promoters are shown in [Figure 1](#ijms-19-01945-f001){ref-type="fig"}.

2.2. Confirmation of Transcriptional Activity {#sec2dot2-ijms-19-01945}
---------------------------------------------

To detect transcriptional activities of the synthetic promoters, the transient expression system of *Arabidopsis* protoplasts was used. The signal of green fluorescence from Dp:*eGFP* and ANDp:*eGFP* transfected protoplasts was observed under normal conditions, respectively ([Figure 2](#ijms-19-01945-f002){ref-type="fig"}A). This finding indicates that both Dp and ANDp are able to drive gene expression in plant cells. However, the transfection of Ap failed to induce fluorescence. A possible reason is that the basal transcriptional activity of Ap is low. In addition, these synthetic promoters contained DREs and ABREs. DREB2A (dehydration-responsive element binding protein 2A) regulates DRE-mediated element of genes under osmotic stress conditions in *Arabidopsis* \[[@B41-ijms-19-01945],[@B42-ijms-19-01945]\], and ABRE binding factors (ABFs)/ABRE binding proteins (AREBs) are highly induced by ABA and then interact with ABREs to cause gene expression \[[@B43-ijms-19-01945]\]. To further determine whether the synthetic promoters were induced by DREB2A or ABA, the ratio of FLUC (Firefly luciferase)/RLUC (Renilla luciferase) was analyzed in *Arabidopsis* protoplasts by the dual-luciferase reporter system. Transcription factor *DREB2A* cDNA was cloned into the effector plasmid pBI221, and the synthetized promoter sequences were cloned into the reporter plasmid pGreenII 0800-LUC, respectively. We found that the ratios of FLUC/RLUC in Ap:*FLUC* (0.23) and ANDp:*FLUC* (0.35) were lower than that of Dp:*FLUC* (0.92) under normal conditions ([Figure 2](#ijms-19-01945-f002){ref-type="fig"}B), and the results corroborated those shown in [Figure 2](#ijms-19-01945-f002){ref-type="fig"}C. Ap:*FLUC* was not induced by co-transfection of DREB2A, while Dp:*FLUC* and ANDp:*FLUC* showed 4-fold and 3-fold induction, respectively ([Figure 2](#ijms-19-01945-f002){ref-type="fig"}B). However, in the presence of exogenous ABA, Ap:*FLUC* induced ABA signaling by more than 17-fold, ANDp:*FLUC* by 22-fold, while Dp:*FLUC* had little effect on ABA response (1.5-fold) ([Figure 2](#ijms-19-01945-f002){ref-type="fig"}C). It was noteworthy that the fold increase of FLUC/RLUC of ANDp:*FLUC* was obviously smaller than that of Dp:*FLUC* by co-transfecting with DREB2A, but bigger than Ap:*FLUC* in the presence of exogenous ABA ([Figure 2](#ijms-19-01945-f002){ref-type="fig"}). The reason may be that the distance between the *cis*-acting elements and the TATA box could influence the responsiveness of the promoter, and the DRE-related transcription factors were induced upon exogenous ABA treatment, respectively. These results suggest that these synthetic promoters are functional in *Arabidopsis* protoplasts, for example, Ap activated ABA signaling, and Dp and ANDp responded to DREB2A and ABA. Due to their different transcriptional activities, these synthetic promoters can be used to compare and obtain the optimal combination with *CARK1*.

2.3. Synthetic Promoters Increase the Expression of Drought-Related Genes upon Abscisic Acid (ABA) or [d]{.smallcaps}-Mannitol Treatment {#sec2dot3-ijms-19-01945}
----------------------------------------------------------------------------------------------------------------------------------------

*CARK1* and *RCAR11*, as effector genes, were combined with the synthetic promoters to construct transgenic *Arabidopsis*---Ap:*CARK1*, Dp:*CARK1,* ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* ([Figure S1](#app1-ijms-19-01945){ref-type="app"}). Dp:*RCAR11*-Ap:*CARK1* transgenic *Arabidopsis* was constructed to verify whether this combination of genes and promoters had application value and could increase drought tolerance. The expression of *CARK1* and *RCAR11* was only driven by their upstream synthetic promoters in the Dp:*RCAR11*-Ap:*CARK1* transgenic *Arabidopsis*. Previous results had demonstrated that the synthetic promoters could participate in ABA- or drought-responsive pathways. To determine whether the effector genes were expressed in the transgenic plants, the transcriptional expression level of genes were analyzed by qRT-PCR. There was no significant difference among the expression levels of *CARK1*, *RCAR11* transgenic plants and wild type (WT) under normal conditions, but the transcriptional level of *CARK1* in 35S:*CARK1* transgenic plants was much higher than that of WT ([Figure S2](#app1-ijms-19-01945){ref-type="app"}). The expression of *CARK1* or *RCAR11* in all transgenic plants was significantly increased after the treatments of ABA and [d]{.smallcaps}-mannitol, as shown by qRT-PCR ([Figure 3](#ijms-19-01945-f003){ref-type="fig"}A,B). Furthermore, similar results showed that expression of exogenous *CARK1* or *RCAR11* was induced after treatments of ABA and [d]{.smallcaps}-mannitol ([Figures S3 and S4](#app1-ijms-19-01945){ref-type="app"}). These results indicate that the expression of exogenous *CARK1* or *RCAR11* is at a lower level in these transgenic plants under normal growth conditions but induced by ABA and [d]{.smallcaps}-mannitol. To determine the effect of effector genes *CARK1* and *RCAR11* in this study, qRT-PCR was employed to examine the expression levels of ABA- and drought-responsive *RD29A* and *RD29B*. In the presence of exogenous ABA, the expression of *RD29A* and *RD29B* in Ap:*CARK1*, ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* transgenic plants were higher than that of WT ([Figure 3](#ijms-19-01945-f003){ref-type="fig"}A). Furthermore, the expression of *RD29A* and *RD29B* in Dp:*CARK1,* ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* transgenic plants were also higher than that of WT after [d]{.smallcaps}-mannitol treatment ([Figure 3](#ijms-19-01945-f003){ref-type="fig"}B). Taken together, our results demonstrate that Ap, Dp, and ANDp promote exogenous gene expression in transgenic *Arabidopsis* upon treatment of ABA or [d]{.smallcaps}-mannitol, and the effector genes *RCAR11* and *CARK1* can be translated normally and then regulate the expression of drought-related genes.

2.4. Synthetic Promoters Regulate Plant Growth in Response to ABA {#sec2dot4-ijms-19-01945}
-----------------------------------------------------------------

ABA, an important hormone in plants, inhibits seed germination and root growth \[[@B44-ijms-19-01945],[@B45-ijms-19-01945],[@B46-ijms-19-01945]\]. Overexpression of *CARK1* and *RCAR11* driven by the 35S promoter regulates ABA-mediated inhibition of germination, root length, and the expression of ABA-responsive genes \[[@B33-ijms-19-01945],[@B35-ijms-19-01945]\]. To assess whether the expression of *CARK1* or *RCAR11* driven by the synthetic promoters plays a role in plant response to stresses, phenotypic analysis, including cotyledon greening and root growth, was performed. All of the seedlings were similar on the MS (Murashige and Skoog) medium ([Figures S5 and S6](#app1-ijms-19-01945){ref-type="app"}), while the cotyledon greening rates of all transgenic plants (28\~46%) were significantly lower than that of WT (63.5%) in the medium containing 0.1 μM ABA, with the exception of Dp:*CARK1* (64%) ([Figure 4](#ijms-19-01945-f004){ref-type="fig"}A). Other transgenic plants showed similar results upon 0.1 μM ABA treatment ([Figure S6](#app1-ijms-19-01945){ref-type="app"}). These results reveal that Ap:*CARK1*, ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* transgenic plants are sensitive to ABA. To further demonstrate the function of synthetic promoters in ABA signaling, a root growth assay was performed in the presence of exogenous ABA. The root lengths of Ap:*CARK1*, Dp:*CARK1*, ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* transgenic plants were no different from 35S:*CARK1* transgenic plants and WT under normal conditions ([Figure 4](#ijms-19-01945-f004){ref-type="fig"}B). However, the root lengths of all the transgenic plants (about 2.2\~3.0 cm) were shorter than that of WT (3.7 cm) with 10 μM ABA ([Figure 4](#ijms-19-01945-f004){ref-type="fig"}B,C). In addition, a similar result was found with treatment of 20 μM ABA. Our analysis demonstrates that Dp:*CARK1* is not induced by ABA and leads to plant hyposensitivity to ABA during cotyledon greening, while the expression of Ap:*CARK1*, ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* in *Arabidopsis* results in increased sensitivity of plants to ABA during cotyledon greening and root growth.

2.5. Synthetic Promoters Enhance Drought Tolerance {#sec2dot5-ijms-19-01945}
--------------------------------------------------

When plants are subjected to drought stress, dehydration responsive element binding proteins (*DREBs*) interact with DREs to regulate the expression of genes to enhance drought tolerance \[[@B47-ijms-19-01945]\]. [d]{.smallcaps}-mannitol was used to mimic osmotic stress to further characterize the role of synthetic promoters. Upon the treatment of 250 or 300 mM [d]{.smallcaps}-mannitol, the root lengths of Dp:*CARK1*, ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* were significantly shorter than those of 35S:*CARK1*, Ap:*CARK1*, and WT, respectively ([Figure 5](#ijms-19-01945-f005){ref-type="fig"}A,B). This result shows that the synthetic promoters Dp and ANDp increased the *CARK1* expression in transgenic plants upon the treatment of [d]{.smallcaps}-mannitol. Further, to compare the drought resistance of transgenic plants more directly, a drought tolerance assay was performed with plants grown in soil. According to the survival rates of all transgenic *Arabidopsis* after withholding water for 12 days and rehydration for 4 days, we found that the survival rates of ANDp:*CARK1* and Dp:*RCAR11*-Ap:*CARK1* transgenic plants were slightly higher than that of Ap:*CARK1* transgenic plants, and were significantly higher than those of 35S:*CARK1* and Dp:*CARK1* transgenic plants ([Figure 5](#ijms-19-01945-f005){ref-type="fig"}C, [Table 1](#ijms-19-01945-t001){ref-type="table"}). The results of the drought-tolerant assay showed that the survival rates of plants exhibited differences among the different transgenic lines and different experiments ([Figure 5](#ijms-19-01945-f005){ref-type="fig"}C, [Table 1](#ijms-19-01945-t001){ref-type="table"}). This is arguably because the different insertion sites of the exogenous gene resulted in different transcriptional activities of the synthetic promoters, and the timing of rehydration could have affected the survival rate of plants, respectively. Further experiments were performed, and similar results were obtained ([Table S1](#app1-ijms-19-01945){ref-type="app"}). Taken together, our results indicate that ANDp:*CARK1* and Dp:*RCAR11*-Ap:*CARK1* transgenic plants exhibited better tolerance to drought stress than other transgenic plants.

3. Discussion {#sec3-ijms-19-01945}
=============

Altering the expression of genes affects plant stress tolerance, including salinity and drought tolerance \[[@B4-ijms-19-01945],[@B12-ijms-19-01945]\]. In the study, we selected sequences in the regulatory regions of *RD29A* and *RD29B* genes based on the functions of *CARK1* and *RCAR11* and constructed three synthetic promoters (Ap, Dp, ANDp). The expression of *FLUC* in the protoplasts transformed with Ap:*FLUC* and the transcript abundance of *CARK1* in Ap:*CARK1* transgenic plants were low, but they significantly increased after treatment of ABA ([Figure 2](#ijms-19-01945-f002){ref-type="fig"} and [Figure 3](#ijms-19-01945-f003){ref-type="fig"}, [Figures S2--S4, S7 and S8](#app1-ijms-19-01945){ref-type="app"}). On the other hand, the expression of *FLUC* in the protoplasts co-transformed with Ap:*FLUC* was not changed in the presence of the effector DREB2A ([Figure 2](#ijms-19-01945-f002){ref-type="fig"}B), and the root growth of Ap:*CARK1* transgenic plants was insensitive to osmotic stress ([d]{.smallcaps}-mannitol) ([Figure 5](#ijms-19-01945-f005){ref-type="fig"}A,B). These findings show that the synthetic promoter Ap had a low basal transcriptional activity and only responded to the ABA. The expression of *FLUC* in the protoplasts transformed with Dp:*FLUC* was induced after co-transformation with DREB2A, and the transcript abundance of *CARK1* in Dp:*CARK1* transgenic plants was increased after the treatment of [d]{.smallcaps}-mannitol ([Figure 2](#ijms-19-01945-f002){ref-type="fig"} and [Figure 3](#ijms-19-01945-f003){ref-type="fig"} and [Figure S3](#app1-ijms-19-01945){ref-type="app"}). These results reveal that the synthetic promoter Dp responded to drought stress signals. However, the expression of *FLUC* in the protoplasts transformed with ANDp:*FLUC* were induced upon the treatment of ABA and co-transformation with DREB2A, and the expression of *CARK1* in ANDp:*CARK1* transgenic plants was induced upon the treatment of ABA or [d]{.smallcaps}-mannitol ([Figure 2](#ijms-19-01945-f002){ref-type="fig"} and [Figure 3](#ijms-19-01945-f003){ref-type="fig"}, [Figures S3 and S4](#app1-ijms-19-01945){ref-type="app"}), showing that the synthetic promoter ANDp was involved in both ABA and drought signaling. Taken together, our results indicate that the synthetic promoters (Ap, Dp, ANDp) were functional in plant cells.

The synthetic promoter Dp does not contain ABREs, but the expression of *FLUC* in the protoplasts transformed with Dp:*FLUC* was slightly increased, and the root growth of Dp:*CARK1* transgenic plants was significantly inhibited in the presence of exogenous ABA ([Figure 2](#ijms-19-01945-f002){ref-type="fig"}C and [Figure 4](#ijms-19-01945-f004){ref-type="fig"}B,C), which is because DREs function as coupling elements of ABRE in response to ABA \[[@B29-ijms-19-01945]\]. It is worth noting that ANDp:*CARK1* transgenic plants were more drought tolerant than Ap:*CARK1*, Dp:*CARK1*, and 35S:*CARK1* transgenic plants ([Figure 5](#ijms-19-01945-f005){ref-type="fig"}C, [Table 1](#ijms-19-01945-t001){ref-type="table"} and [Table S1](#app1-ijms-19-01945){ref-type="app"}), indicating that the expression of *CARK1* under control of ANDp was more effective than Ap, Dp, and 35S promoters. Hence, we could conclude that the appropriate expression of the gene was sufficient to cope with stress. Meanwhile, Dp:*RCAR11*-Ap:*CARK1* and ANDp:*CARK1* transgenic plants had similar drought resistance phenotypes ([Figure 4](#ijms-19-01945-f004){ref-type="fig"} and [Figure 5](#ijms-19-01945-f005){ref-type="fig"}, [Table 1](#ijms-19-01945-t001){ref-type="table"} and [Table S1](#app1-ijms-19-01945){ref-type="app"}), which provided a more advantageous way to increase tolerance to different stresses and reduce energy consumption in the stage of development and growth in plants.

The comparison of three synthetic promoters (Ap, Dp, ANDp) and five transgenic *Arabidopsis* lines (Ap:*CARK1*, Dp:*CARK1*, ANDp:*CARK1*, 35S:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1*) indicated that the transcriptional activity of ANDp was significantly higher than that of Ap and Dp upon the treatment of ABA or co-transfection with DREB2A ([Figure 2](#ijms-19-01945-f002){ref-type="fig"}). Although all three synthetic promoters responded to specific stress, the synthetic promoters Ap and ANDp minimally initiated gene expression under normal conditions ([Figure 3](#ijms-19-01945-f003){ref-type="fig"}). The expression of *CARK1* under the control of Ap or ANDp in plants was more sensitive to ABA ([Figure 4](#ijms-19-01945-f004){ref-type="fig"} and [Figure S6](#app1-ijms-19-01945){ref-type="app"}). The growth of all the transgenic plants had no significant difference under normal conditions ([Figures S9 and S10](#app1-ijms-19-01945){ref-type="app"}, [Table S4](#app1-ijms-19-01945){ref-type="app"}), but the survival rate under drought stress demonstrated that ANDp:*CARK1* and Dp:*RCAR11*-Ap:*CARK1* transgenic plants exhibited stronger tolerance to drought than other transgenic plants ([Table 1](#ijms-19-01945-t001){ref-type="table"} and [Table S1](#app1-ijms-19-01945){ref-type="app"}). In summary, our results revealed that the combinations ANDp:*CARK1* and Dp:*RCAR11*-Ap:*CARK1* transgenic plants not only had the least impact on plants under normal growth conditions but also imparted strong tolerance to drought stress in the plants. Hence, the combinations ANDp:*CARK1* and Dp:*RCAR11*-Ap:*CARK1* can be used to generate drought stress resistance in plants*.*

4. Materials and Methods {#sec4-ijms-19-01945}
========================

4.1. Plant Materials and Growth Conditions {#sec4dot1-ijms-19-01945}
------------------------------------------

The *Arabidopsis thaliana* wild type (WT) and transgenic plants used in this study are Columbia (Col-0) ecotype. To construct the *Arabidopsis* transgenic plants Ap:*CARK1*, Dp:*CARK1*, ANDp:*CARK1*, and Dp:*RCAR11*-Ap:*CARK1* ([Figure S1](#app1-ijms-19-01945){ref-type="app"}), the following steps were taken. The 35S:*CARK1* was obtained from our laboratory as positive control. The 35S promoter was replaced by the synthetic promoters (Ap, Dp, ANDp) and inserted into the pBI121-35S:*CARK1* vector with *Hind*III and *Xba*I sites. The DNA sequence of Dp:*RCAR11*-nos was obtained by PCR and inserted into the pBI121-Ap:*CARK1* vector at the *Hind*III site by the recombination method. The constructs were introduced into the GV3101 strain of *Agrobacterium tumefaciens*. The floral dip method was used in this study \[[@B48-ijms-19-01945]\]. The T1 generation of transgenic plants that grew well (with green leaves and long primary roots) on kanamycin/MS solid medium were transferred to soil to obtain T2 seeds. The T2 generation was also screened on MS supplemented with kanamycin, and the single-copy genes displayed a Mendelian segregation ratio (3:1). The mRNA levels were identified with qRT-PCR assays. T3 homozygous seeds of the transgenic plants were used for further analysis. The primers that were used in this assay are listed in [Table S2](#app1-ijms-19-01945){ref-type="app"}.

For nonsterile culture, seeds were grown in soil (vermiculite:nutrient soil, 1:2) in greenhouses at 22 °C under 60% humidity with 16 h light (250 μmol m^−2^ s^−1^)/8 h dark cycles. For sterile culture, surface-sterilized seeds were sown on MS medium containing 2% (*w*/*v*) sucrose and 0.8% (*w*/*v*) agar, pH 5.7 \[[@B49-ijms-19-01945]\].

4.2. Protoplast Isolation and Transient Activation Assay {#sec4dot2-ijms-19-01945}
--------------------------------------------------------

Preparation of *Arabidopsis* protoplasts of the wild-type plants and subsequent transfection of protoplasts were performed as described \[[@B50-ijms-19-01945]\]. For analysis of transient expression of *eGFP*, the synthetic promoters Ap, Dp, and ANDp were generated by replacing the 35S promoter in the vector pBI221-*eGFP* via *Hind*III and *Xba*I sites. The vectors 35S:*eGFP*, Dp:*eGFP*, Ap:*eGFP*, and ANDp:*eGFP* were used at 2 μg per transfection. After incubation about 14 h, cells with *eGFP* fluorescence were observed and imaged with the confocal laser-scanning microscope (Leica TCS SP5 II systemT, Leica, Germany).

For the dual-luciferase reporter system assay \[[@B51-ijms-19-01945]\], Ap, Dp, and ANDp were inserted into the vector pGreenII 0800-LUC at *Hind*III and *BamH*I sites. The internal control construct 35S:*RLUC* and activator construct 35S:*DREB2A* were generated as described \[[@B40-ijms-19-01945]\]. The vector 35S:*DREB2A* was used at 2 μg per transfection, and the vectors Dp:*FLUC*, Ap:*FLUC*, and ANDp:*FLUC* were used at 2 μg per transfection. When indicated, 10 μM ABA was added into the incubation buffer immediately after transfection. After incubation for about 14 h, luciferase activity was measured by an LMax II384 luminometer (Molecular Devices, Bad Wildbad, Germany) using the Dual-Luciferase Assay Kit (Vigorous, Beijing, China). Relative FLUC activity was calculated by normalizing against the RLUC activity, and the data presented are the averages of three biological replicates. Primers used in this study are listed in [Table S3](#app1-ijms-19-01945){ref-type="app"}.

4.3. Analysis of Quantitative Real Time-PCR (qRT-PCR) {#sec4dot3-ijms-19-01945}
-----------------------------------------------------

Total RNA was extracted from 12-day-old *Arabidopsis* seedlings treated with 50 μM ABA for 3 h or 200 mM [d]{.smallcaps}-mannitol for 2 h using TRIzol RNA reagent (TaKaRa, Dalian, China). The cDNA was synthesized using PrimeScript RT reagent Kit with gDNA Eraser (TaKaRa, China) following the manufacturer's instruction. qRT-PCR analysis was carried out on a CFX96 TouchTM Real-Time PCR detection system (Bio-Rad, Hercules, California, CA, USA) with iQTM SYBR Green Supermix and gene-specific primers. All reactions were performed in triplicate with the following cycling conditions: 95 °C for 3 min; 40 cycles each at 95 °C for 10 s and 56 °C for 30 s, and 72 °C for 20 s. Actin 2/8 was used as an internal control. All primers are shown in [Table S2](#app1-ijms-19-01945){ref-type="app"}.

4.4. Phenotype Analysis {#sec4dot4-ijms-19-01945}
-----------------------

For the cotyledon greening assay, about 70 seeds from the wild type and the transgenic plants were sterilized and sown on MS medium supplemented with the indicated 0.1 μM ABA after stratification. Cotyledon greening was recorded as the percentage of seeds with green expanded cotyledons and the first pair of true leaves at 5 days.

For the root growth assay, about 100 seeds from each line were first germinated vertically on MS medium for 3 days after stratification. Then, five seedlings of each line sharing similar root length were transferred to 1/2 MS medium supplemented with 0, 10, 20 μM ABA in the vertical position. The root length was determined after transfer for 7 days. For the drought tolerance assay, six seeds from each line were germinated vertically on 1/2 MS medium with 0, 200, 250 mM [d]{.smallcaps}-mannitol, and the root length was determined after transfer for about 14 days.

For the drought-tolerance test, 2-week-old seedlings were subjected to drought stress treatment by withholding water for 12 days. Then, 4 days after rehydration, the morphological changes of plants were recorded.

4.5. Statistical Analysis {#sec4dot5-ijms-19-01945}
-------------------------

Data are represented as means ± SD. Statistical analysis was performed using Student's *t*-test. Values of *p* \< 0.05 were considered significant, and values of *p* \< 0.01 were considered more significant.

This study was funded by 973 Projects 2015CB755702 (Y.Y.), NSFC31671455 (Y.Y.), national transgenic project 2016ZX08009003-002-001 (X.L).

Supplementary materials can be found at <http://www.mdpi.com/1422-0067/19/7/1945/s1>.
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![Components of the synthetic promoters.](ijms-19-01945-g001){#ijms-19-01945-f001}

![Analysis of transcriptional activities of the synthetic promoters using *Arabidopsis* protoplasts. (**A**) Transactivation of Dp/Ap/ANDp:*eGFP*: the images were taken with a dark field for green fluorescence, a dark field for the red of chloroplast, and a bright field for cell morphology; the images were then merged. Bars = 10 μm; (**B**) Transactivation of the synthetic promoter:*FLUC* by DREB2A (dehydration-responsive element binding protein 2A). Ap:*FLUC*, Dp:*FLUC*, ANDp:*FLUC* were transfected into protoplasts with or without 35S:*DREB2A*; (**C**) Transactivation of the synthetic promoter:*FLUC* by abscisic acid (ABA). The synthetic promoter:*FLUC* plasmid DNA was transfected into protoplasts supplemented with or without 10 μM ABA. Luciferase activity was measured by an LMax II384 luminometer using the Dual-Luciferase Assay Kit after being incubated for 14 h in the dark. RLUC was used as an internal control. Values are mean ± SD (*n* = 3). The experiments were repeated three times (\* *p* \< 0.05, \*\* *p* \< 0.01, Student's *t*-test).](ijms-19-01945-g002){#ijms-19-01945-f002}

![Identification of transgenic lines and analysis of drought-related genes by qRT-PCR. (**A**) ABA. Relative expressional levels of cytosolic ABA receptor kinase 1 (*CARK1*), *RD29A*, and *RD29B* in transgenic plants. Twelve-day-old seedlings were incubated in MS liquid medium with or without 50 μM ABA for 3 h; (**B**) [d]{.smallcaps}-Mannitol. Relative expressional levels of *CARK1*, regulatory components of ABA receptor 11 (*RCAR11*), *RD29A*, and *RD29B* in transgenic plants. Twelve-day-old seedlings were incubated in MS liquid medium with or without 200 mM [d]{.smallcaps}-mannitol for 2 h. Values are means ± SD (*n* = 3). *ACTIN2/8* was used as an internal control. The change ratio of gene expression in wild type (WT) is 1. The experiments were repeated three times. (\* *p* \< 0.05, \*\* *p* \< 0.01, ANOVA).](ijms-19-01945-g003){#ijms-19-01945-f003}

![Synthetic promoters regulate plants in response to ABA. (**A**) Cotyledon greening assay. Transgenic plants and WT were in MS medium with or without 0.1 μM ABA, and cotyledon greening rate was recorded after 5 days. The experiments were repeated three times with similar results. Values are means ± SD (*n* \> 70) of three independent experiments (\*\* *p* \< 0.01, Student's *t*-test); (**B**) Root length assay. Three-day-old seedlings were transferred to 1/2 MS medium supplemented with or without 10 or 20 μM ABA, and root length measurements were determined after a vertical culture for 7 days; (**C**) Statistical analysis of root length of the different genotypes described in (**B**). Values are means ± SD (*n* = 20). The experiments were repeated three times with similar results (\*\* *p* \< 0.01, Student's *t*-test).](ijms-19-01945-g004){#ijms-19-01945-f004}

###### 

Synthetic promoters involved in the resistance to drought stress. (**A**) Osmotic stress analysis in each transgenic plant with [d]{.smallcaps}-mannitol treatment. The seeds were sown on 1/2 MS solid medium supplemented with or without 250, 300 mM [d]{.smallcaps}-mannitol; vertical culture and root length measurements were recorded after 14 days; (**B**) Statistical analysis of root length of the different genotypes described in (**A**). Values are means ± SD (*n* = 20). The experiments were repeated three times (\*\* *p* \< 0.01, Student's *t*-test); (**C**) Drought-tolerance assay. Two-week old seedlings were analyzed by withholding water for 12 days and subsequently re-watering for 4 days. The experiments were repeated three times. The photographs show representative measurement.
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###### 

Survival rate of drought-tolerance assay. Three independent measurements are shown.

      WT   35S:*CARK1*   Ap:*CARK1*   Dp:*CARK1*   ANDp:*CARK1*   Dp:*RCAR11*-Ap:*CARK1*                      
  --- ---- ------------- ------------ ------------ -------------- ------------------------ ----- ----- ------ -------
  1   0    6%            2%           0            0              0                        80%   95%   100%   90%
  2   4%   0             11%          7.5%         0              80%                      9%    90%   100%   55.5%
  3   0    16.7%         100%         10%          0              0                        20%   85%   90%    100%
